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Oxidative stress has been considered to be a major cause of cellular injuries in a variety of chronic health problems, such as carcinogenesis
and neurodegenerative disorders. The brain appears to be more susceptible to oxidative damage than other organs. Therefore, the existence of
antioxidants may be essential in brain protective systems. The antioxidative and free radical scavenging effects of endomorphin 1 (EM1) and
endomorphin 2 (EM2), endogenous opioid peptides in the brain, have been investigated in vitro. The oxidative damage was initiated by a
water-soluble initiator 2,2V-azobis(2-amidinopropane hydrocholoride) (AAPH) and hydrogen peroxide (H2O2). The linoleic acid
peroxidation, DNA and protein damage were monitored by formation of hydroperoxides, by plasmid pBR 322 DNA nicking assay and
single-cell alkaline electrophoresis, and by SDS-polyacrylamide gel electrophoresis. Endomorphins can inhibit lipid peroxidation, DNA
strand breakage, and protein fragmentation induced by free radical. Endomorphins also reacted with galvinoxyl radicals in homogeneous
solution, and the pseudo-first-order rate constants were determined spectrophotometrically by following the disappearance of galvinoxyl
radicals. In all assay systems, EM1 was more potent than EM2 and GSH, a major intracellular water-soluble antioxidant. We propose that
endomorphins are one of the protective systems against free radical-induced damage in the brain.
D 2003 Elsevier B.V. All rights reserved.Keywords: Endomorphin; Antioxidant; Comet assay; Lipid peroxidation; Free radical1. Introduction
Endomorphin 1 (EM1) and endomorphin 2 (EM2),
endogenous opioid peptides, have been found in much
higher amounts in the human brain and they interact
specifically and with high affinity with A-opioid receptors
[1]. The two peptides differ in one amino acid: EM1
(Tyr-Pro-Trp-Phe-NH2) and EM2 (Tyr-Pro-Phe-Phe-NH2).
The major effect of the endomorphins is their antinoci-
ceptive action. They have been shown to be potent spinal,
supraspinal, and peripheral antinociceptive, antihyperalge-
sic, and anti-allodynic agents [2–5]. Additionally, a
number of studies have proved that endomorphins cause
vasodilatation by stimulating nitric oxide release from the
endothelium [6] and bind to A-opioid receptors to activate
G-proteins, regulate gastrointestinal transit, respiratory0925-4439/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbadis.2003.09.007
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E-mail address: wangrui@lzu.edu.cn (R. Wang).system and memory [2,7–10]. Recently, endomorphins
have been investigated to modulate damage related to
inflammatory diseases of the brain [11].
It is now commonly recognized that reactive oxygen
species (ROS) are involved in a variety of physiological and
pathological processes, including cellular signal transduc-
tion, cell proliferation and differentiation, and apoptosis, as
well as ischemia-reperfusion injury, inflammation, and
many neurodegenerative disorders [12–14]. Excess produc-
tion of ROS can potentially damage different macromole-
cules such as proteins, DNA and lipids, leading to a variety
of chronic health problems, such as cancer, aging and
Parkinson’s disease [15–18]. The brain and nervous system
may be especially prone to radical damage because, first,
brain has a high content of easily peroxidizable unsaturated
fatty acids; second, brain has a high content of both iron and
ascorbate; and third, brain requires very high amounts of
oxygen per unit weight. Furthermore, brain is not highly
enriched antioxidant protective defenses and this then adds
to its otherwise readily poised potential for oxidative dam-
X. Lin et al. / Biochimica et Biophys196age [17,18]. Therefore, the existence of antioxidants with an
ability to scavenge radicals, and inhibit lipid peroxidation,
DNA and protein damage in brain protective systems should
be of critical importance.
It has been reported that the brain monoamines and their
metabolites can inhibit lipid peroxidation and protect from
oxidative damage in the brain [19]. Recent studies have
demonstrated that enkephalins (leu-enkephalin, met-enkeph-
alin) and their derivatives (5-S-cysteinyldopaenkephalin, 2-S-
cysteinyldopaenkephalin and [D-Ala2,D-Leu5]enkephalin)
have free radicals scavenging activities and the capacity to
reduce ROS-induced lipid peroxidation [20–22]. We present
herein the antioxidant effect of endomorphins on a water-
soluble initiator 2,2V-azobis(2-amidinopropane hydrocholor-
ide) (AAPH)- and hydrogen peroxide (H2O2)-mediated lipid
peroxidation, DNA strand breakage and protein fragmenta-
tion, and their free radical scavenging effect. It is suggested
that EM1 and EM2, endogenous opioid peptides, may
provide some antioxidant activities in protecting from oxi-
dative damage in the brain.2. Materials and methods
2.1. Materials
EM1 and EM2 were synthesized in our laboratory [23].
The purity of the compounds was determined by HPLC
(>95%) and their structures were verified by mass spectrom-
etry and amino acid analysis. Linoleic acid, agarose, low-
melting point agarose, butylated hydroxytoluene (BHT), and
L-glutathione (GSH) were purchased from Sigma. AAPH and
galvinoxyl were purchased from Aldrich. pBR 322 DNAwas
obtained from MBI. Bovine serum albumin (BSA), acrylam-
ide and bis-acrylamide were from BBI. All other chemicals
were of the highest quality available.2.2. Determination of linoleic acid hydroperoxides
Aliquots of the reaction mixture in an open vessel were
taken out at appropriate time intervals and subjected to
HPLC analysis using a Gilson liquid chromatograph with a
ZORBAX ODS reversed phase column (6 250-mm Du
Pont instruments) and eluted with methanol–water (95:5 v/
v). The flow rate was set at 1.0 ml/min. A Gilson model 116
UV detector was used to monitor the total linoleic acid
hydroperoxides at 235 nm. The concentration of the hydro-
peroxides was determined by integration of the peak area
which was calibrated by iodometric determination of the
hydroperoxides using molar extinction coefficient of
2.19 104 at 350 nm. Every experiment was repeated three
times and the results were reproducible within 10% exper-
imental deviation.
2.3. Determination of oxidative DNA strand breakage
Conversion of the supercoiled form of plasmid DNA to
the open-circular and further linear forms has been used as
an index of DNA damage [24]. To assay DNA strand
breakage induced by peroxyl radical and inhibited by
EM1 and EM2, supercoiled pBR 322 plasmid DNA (0.1
Ag) was incubated in 25 Al of 10 mM Tris–HCl buffer (pH
7.4) with AAPH, with or without different concentration of
EM1 and EM2. After incubation for 1 h at 37 jC, 2 Al of
loading buffer consisting of 0.25% xylene cyanole, 0.25%
bromophenol blue tracking dye, and 30% (v/v) glycerol was
added and the resulting mixtures were subjected to 1%
agarose gel stained with ethidium bromide. Then, the
samples were electrophoresed in a horizontal slab gel
apparatus in TAE buffer (40 mM Tris, 20 mM sodium
acetate and 2 mM EDTA) at 5 V/cm for 1 h. The gel was
photographed under a transilluminator.
2.4. Single-cell alkaline electrophoresis (comet assay)
Human mononuclear cells were isolated from fresh
blood obtained from healthy volunteers as described
previously [25]. Comet assay was performed as described
by Singh et al. [26]. In brief, mononuclear cells (2 106
cells) treated with H2O2 and/or EM1, EM2 and GSH
were washed with PBS and then mixed thoroughly with
1% low-melting point agarose dissolved in PBS at 39 jC.
The mixture was transferred immediately onto a glass
microscope slide pre-coated with 0.5% normal melting
point agarose in PBS and a cover slip was immediately
applied to cover it, which was placed on top of ice for 10
min. After removing the cover slip, the slide was im-
mersed slowly in alkaline cell lysis solution (2.5 M NaCl,
0.1 M EDTA, 1% N-lauroylsarcosine, 1% Triton X-100,
10% DMSO, 10 mM Tris, pH 10) at 4 jC for 1 h to
remove cellular membranes and proteins. Slides then were
denatured in a horizontal electrophoresis tank containing
0.3 M NaOH and 1 mM EDTA for 20 min. Next,
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Fig. 1. Formation of total hydroperoxides (LOOH) during the peroxidation
of linoleic acid (LH) in 0.1 M SDS micelles at pH 7.4 and 37 jC, initiated
with AAPH and inhibited by endomorphins and GSH. [LH]0 = 15.2 mM;
[AAPH]0 = 6.3 mM. a, uninhibited peroxidation; b, inhibited with 80 AM
EM2; c, inhibited with 80 AM GSH; d, inhibited with 40 AM EM1; e,
inhibited with 80 AM EM1.
Fig. 2. Agarose gel electrophoresis of pBR 322 DNA strand breakage
induced by AAPH and inhibited by endomorphins and GSH. Supercoiled
plasmid DNA (0.1 Ag) was incubated with AAPH and/or compounds in
Tris–HCl for 1 h at 37 jC. (A) DNA damage induced by AAPH at
concentration of 0 mM (lane 1), 1.25 mM (lane 2), 2.5 mM (lane 3), 5 mM
(lane 4), 10 mM (lane 5), 20 mM (lane 6) and 40 mM (lane 7). (B) DNA
damage was inhibited by endomorphins and GSH in the presence of 10 mM
AAPH. Lane 1, native pBR 322 DNA; lane 2, 0 AM; lane 3, 6.25 AM EM1;
lane 4, 12.5 AM EM1; lane 5, 25 AM EM1; lane 6, 50 AM EM1; lane 7, 100
AM EM2; lane 8, 200 AM EM2; lane 9, 400 AM EM2; lane 10, 800 AM
EM2; lane 11, 200 AM GSH.
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25 V/300 mA for 20 min. Afterwards, each slide was
gently immersed three times in neutralization buffer (0.4
mM Tris–HCl, pH 7.5) for 5 min. After applying 100-
Al ethidium bromide solution (5 Ag/ml) to stain and
covering with cover slips, the slides were viewed with
fluorescence microscope and 150 randomly selected cell
nucleoids were scored on a slide, and gave the overall
comet score (A), in which the tail is longer than half of
length of head. The percentage DNA damage was calcu-
lated from the ratio of the measurements as follows: (A/
150) 100%. The scoring method is consistent with
computer imaging analysis [27].
2.5. Determination of protein oxidation
Protein oxidation was assayed as described previously
[28] with minor modifications. Oxidation of BSA (40 Ag/
ml) in PBS was initiated by AAPH and inhibited by
EM1, EM2 and GSH. After incubation for 24 h at 37 jC,
0.02% (w/v) BHT was added to the reaction mixture toTable 1
Inhibition of AAPH-initiated peroxidation of linoleic acid by endomorphins
and GSH in SDS micellesa
Compounds Rinh (10
 6 M min 1) Rp (10
 6 M min 1) tinh (min)
None 4.90
GSH (80 AM) 0.69 4.40 31.0
EM2 (80 AM) 1.97 4.28 14.2
EM1 (40 AM) 1.19 4.25 42.0
EM1 (80 AM) 0.33 4.60 84.5
a The reaction conditions and the initial concentration of the substrates
are the same as described in the legends of Fig. 1 for reactions conducted in
SDS micelles. Data are the average of three determinations which were
reproducible with deviation less thanF 10%.prevent the formation of further peroxyl radical. Then, the
samples were mixed with an equal volume of 2 SDS-
PAGE sample buffer (100 mM Tris–HCl, pH 6.8, 4%
SDS, 20% glycerol, 10% h-mercaptoethanol, 0.01% bro-
mophenol blue), heated at 100 jC for 5 min and loaded
onto a 10% SDS polyacrylamide gel. The gels were
stained with 0.05% Coomassie brilliant blue R-250. The
gel was photographed.
2.6. Reaction with galvinoxyl radical
The reaction kinetics of galvinoxyl (5 AM) with EM1,
EM2 and GSH (100 AM) in ethanol solution were
monitored spectrophotometrically at 429 nm [29] with a
Hitachi model 557 UV spectrometer (Hitachi High Tech-
nologies) at 37 jC.
2.7. Statistical analysis
Unless otherwise indicated, each result described in this
paper is representative of at least three separate experiments.3. Results
3.1. Inhibition of linoleic acid peroxidation by EM1 and
EM2 in SDS micelles
A set of representative kinetic curves of the total hydro-
peroxides formation during the peroxidation of linoleic acid in
SDS micelles is shown in Fig. 1. It is seen from Fig. 1 that the
concentration of the hydroperoxides increased fast and line-
arly with time in the absence of antioxidants upon AAPH-
initiation, demonstrating fast peroxidation of the substrate.
The hydroperoxide formation was inhibited by addition of
Fig. 3. Protection of endomorphins from H2O2-induced DNA damage in
human peripheral blood mononuclear cells. Mononuclear cells in PBS were
pretreated with different concentration of endomorphins and 50 AM of
H2O2 was then added to medium. After incubation for 10 min, DNA
damage of mononuclear cells was estimated by comet assay as described in
Materials and methods. Values are the meanF S.E. (n= 3).
Fig. 4. SDS-polyacrylamide gel electrophoresis of BSA fragmentation
induced by AAPH and inhibited by endomorphins and GSH. BSA (40 Ag/
ml) was incubated with AAPH and/or compounds in PBS (pH 7.4) for 1 h
at 37 jC. (A) BSA fragmentation induced by AAPH at concentration of 0
mM (lane 1), 2.5 mM (lane 2), 5 mM (lane 3), 10 mM (lane 4), 20 mM
(lane 5), 40 mM (lane 6) and 80 mM (lane 7). (B) BSA fragmentation was
inhibited by GSH in the presence of 20 mM AAPH. Lane 1, native BSA;
lane 2, 0 AM; lane 3, 62.5 AM; lane 4, 125 AM; lane 5, 250 AM; lane 6, 500
AM; lane 7, 1 mM; lane 8, 2 mM. (C) BSA fragmentation was inhibited by
endomorphins in the presence of 20 mM AAPH. Lane 1, native BSA; lane
2, 0 AM; lane 3, 6.25 AM EM1; lane 4, 12.5 AM EM1; lane 5, 25 AM EM1;
lane 6, 50 AM EM1; lane 7, 100 AM EM1; lane 8, 200 AM EM1; lane 9, 50
AM EM2; lane 10, 100 AM EM2; lane 11, 200 AM EM2; lane 12, 400 AM
EM2; lane 13, 800 AM EM2; lane 14, 1.6 mM EM2; lane 15, 1.6 mM GSH.
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inhibition period the rate of hydroperoxide formation turned
faster, which is close to the original rate of propagation,
demonstrating the exhaustion of the antioxidant. In the inhi-
bition period the concentration of the hydroperoxides in-
creased approximately linearly with time and Rinh also
reflects the antioxidative potential of the antioxidant. Fig. 1
also shows the antioxidant effects of EM1, EM2 and GSH on
AAPH-induced linoleic acid peroxidation. The kinetic data
deduced fromFig. 1 are listed in Table 1. It is clearly seen from
Fig. 1 and Table 1 that addition of EM1 to SDS micelles
significantly increased the inhibition period tinh and decreased
the Rinh, and the inhibition period depended on the concentra-
tion of EM1. On the basis of tinh and Rinh, the antioxidant
activity follows the sequence EM1>GSH>EM2 in SDS
micelles.
3.2. Inhibition of AAPH-mediated DNA strand breakage by
EM1 and EM2
The plasmid DNA nicking assay was used as an initial
approach toward determining whether EM1 and EM2
could protect against AAPH-induced DNA damage. Fig.
2A shows gel electrophoretogram of pBR322 DNA trea-
ted with different concentrations of AAPH at 37 jC for 1
h. As observed, the plasmid DNA was mainly of the
supercoiled form in the absence of AAPH (Fig. 2A, lane
1). With the addition of AAPH (1.25–40 mM), the DNA
supercoiled form decreased gradually and converted into
the open circular and linear form (Fig. 2A, lanes 2–7).
Fig. 2B indicates the protective effects of EM1, EM2 and
GSH against 10 mM AAPH-induced DNA damage. It is
clearly seen from Fig. 2 that addition of EM1, EM2 andGSH significantly increased supercoiled form of pBR322
DNA, and the generation of supercoiled form was depen-
dent upon concentrations of EM1 and EM2. It is sug-
gested that EM1 and EM2 can protect against AAPH-
induced DNA damage and EM1 is more effective than
EM2.
3.3. Inhibition of H2O2-induced oxidative DNA damage by
EM1 and EM2
We investigated the inhibitory effects of EM1 and EM2
on H2O2-induced DNA damage in human peripheral blood
mononuclear cells by the comet assay (Fig. 3). It was found
that mononuclear cells showed increased DNA strand
breakage after treated with different concentration of H2O2
in PBS for 10 min, and the percentage of DNA damage was
about 95% in the presence of 50 AM H2O2. However, with
the addition of EM1 and EM2, the DNA strand breakage
was inhibited in a concentration-dependent manner. EM1 is
more effective than EM2.
3.4. Inhibition of AAPH-induced protein fragmentation by
EM1 and EM2
As shown in Fig. 4A, when BSA was incubated with
AAPH at 37 jC for 24 h, a concentration-dependent
degradation pattern of BSA was observed using SDS poly-
acrylamide gel electrophoresis. Treatment of albumin with
Fig. 5. UV spectra of galvinoxyl in the presence of EM1 in ethanol solution.
The spectra were recorded every 5 min after mixing 5 AM galvinoxyl and
100 AM EM1 under air at 37 jC.
Table 2
Pseudo-first-order rate constants (kobs) for the interaction of galvinoxyl
radicals with endomorphins and GSH in ethanol solution
Compound kobs (10
 4 s 1)
EM1 3.86
EM2 0.56
GSH 1.51
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decreased the extent of protein fragmentation (Fig. 4B and
C). Compared to the AAPH-treated albumin band in lane 2,
a discernible increase in the intensity of protein bands was
noted in a concentration-dependent manner. On the basis of
the intensity of protein bands, the protective activity follows
the sequence of EM1>GSH>EM2, similar to that observed
in SDS micelles.Fig. 6. Pseudo-first-order plot of the decay of galvinoxyl radicals in the
reaction with endomorphins and GSH in ethanol solution under air at 37
jC. The initial concentrations of galvinoxyl and the compounds were 5 and
100 AM, respectively. a, EM1; b, GSH; c, EM2; ln C, logarithm of the
concentration of galvinoxyl.3.5. Free radical scavenging activity of EM1 and EM2 as
studied by reaction with galvinoxyl
The kinetic decay of galvinoxyl radicals in homogeneous
solution has been used to evaluate the chemical activity of
antioxidants of biochemical interest [30]. In the present
study, the interaction of EM1, EM2 and GSH with galvi-
noxyl was studied in ethanol solution. In the absence of
antioxidants, the UV spectrum of galvinoxyl was stable
under the experimental conditions, and no appreciable decay
of its UV spectrum could be observed within several hours.
When EM1, EM2 and GSH were added to the ethanol
solution of galvinoxyl, the UV spectrum of galvinoxyl
diminished gradually with time. A set of representative
experimental results is shown in Fig. 5, demonstrating that
EM1, EM2 and GSH directly scavenged galvinoxyl radi-
cals. The decay was found to be exponential and the pseudo-
first-order rate constants (kobs) for the reactions can be
obtained from the slope of the linear plot of the logarithm
of the concentration of galvinoxyl versus reaction time (Fig.
6). The results are summarized in Table 2. It is seen from
Fig. 6 and Table 2 that the reaction activity of EM1, EM2
and GSH with galvinoxyl follows the sequence of EM1>G-
SH>EM2, similar to the sequences for their anti-linoleic
acid hydroperoxides activities and DNA and protein damage
inhibitory activities.4. Discussion
There is little doubt that oxygen-related free reactions are
pervasive in living systems and that cellular or tissue
oxidative damage results in brain aging and neurodegener-
ative disorders. Removal of excess ROS or suppression of
oxygen free radical generation by antioxidants may be
effective in preventing oxidative cell death [31,32]. In this
study we used AAPH, a water-soluble initiator, which
decomposes at physiological temperature producing alkyl
radicals followed by fast reaction with oxygen to give alkyl
peroxyl radicals [33,34] to initiate the linoleic acid perox-
idation (Eqs. (1)–(5)).
Initiation:
AAPH! 2RSþ N2 ð1Þ
RSþ O2 ! ROOS ð2Þ
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Propagation:
LSþ O2 ! LOOS ð4Þ
LOOSþ LH! LOOHþ LS ð5Þ
where R is the alkyl radical generated from the thermal
decomposition of AAPH and LH represents a lipid molecule
with an abstractable hydrogen, i.e., linoleic acid. In the
presence of an antioxidant molecule, AH, either the initiat-
ing peroxyl radical and/or the propagating lipid peroxyl
radical can be trapped and a new antioxidant radical, AS,
produced (Eqs. (6) and (7)). If the AS is a stabilized radical
(e.g., a-tocopheroxyl radical or ascorbate radical) which can
promote the rate-limiting hydrogen abstraction reactions
(Eqs. (6) and (7)) and undergo fast termination reactions
(Eqs. (8) and (9)), the peroxidation would be inhibited.
ROOSþ AH! ROOHþ AS ð6Þ
LOOSþ AH! LOOHþ AS ð7Þ
ASþ LOOS! LOOA ð8Þ
2AS! A Aþ Other products ð9Þ
The primary peroxidation products of linoleic acid are
hydroperoxides. They showed characteristic UV absorption
at 235 nm, which was used to monitor the formation of the
total hydroperoxides by HPLC [35,36]. The kinetics of
linoleic acid peroxidation initiated by azo-compounds and
its inhibition by chain-breaking antioxidants have been
discussed in detail in previous papers [37,38]. The rate of
the chain propagation, Rp in Eq. (5), the inhibited rate of
propagation by antioxidants, Rinh in Eq. (7), and the inhibi-
tion period, tinh, can be easily obtained from HPLC exper-
iment. In the present work, we can find from Fig. 1 and
Table 1 that on the basis of tinh and Rinh, the antioxidant
activity follows the sequence EM1>GSH>EM2 in SDS
micelles. It is suggested that EM1 can trap the AAPH-
derived radical (ROOS) in the bulk water phase and the
propagating linoleic acid peroxyl radicals (LOOS) on the
surface of the micelle and behave well as chain-breaking
antioxidants against AAPH-induced linoleic acid peroxida-
tion in SDS micelles.
Free radicals can attack DNA, causing sugar fragmenta-
tion, base modification, and DNA strand breakage. AAPH-
derived peroxyl radical at 37 jC can abstract a hydrogen
atom from the C-4V atom of DNA molecules and cause
strand breakage [39]. The plasmid DNA nicking assays are
relatively simple, yet sensitive and quantitative assays based
on the differential mobility of supercoiled, circular and
linear forms of plasmid DNA in agarose gel electrophoresis[24]. The comet assay is a visual fluorescent technique for
measurement of DNA strand breaks in individual cells. It is
generally believed that it is a simple, reliable, reproducible
and sensitive technique for assessing DNA damage in
individual cells and detecting intercellular differences in
DNA damage [40,41]. It is clearly seen from Figs. 2 and 3
that EM1 and EM2 have protective effects on AAPH-
induced plasmid DNA strand breakage and H2O2-induced
DNA damage in human peripheral blood mononuclear cells,
and EM1 is more effective than EM2. Furthermore, we also
used BSA as a model protein to test the ability of EM1 and
EM2 to inhibit protein fragmentation induced by AAPH.
The inhibitory activity follows the sequence of EM1>G-
SH>EM2.
Galvinoxyl is a stable phenoxy radical that exhibits
characteristic UV absorption at 429 nm in ethanol solution.
This allows easy measurement of the depletion of galvi-
noxyl radicals in the presence of antioxidants [29]. It is seen
from Fig. 6 and Table 2 that the reaction activity of EM1,
EM2 and GSH with galvinoxyl follows the sequence of
EM1>GSH>EM2, similar to the sequences for their anti-
linoleic acid hydroperoxides activities and DNA and protein
damage inhibitory activities.
The results presented in this paper provide evidence that
endomorphins, endogenous opioid peptides in the brain, can
protect lipid peroxidation, DNA and protein damage in-
duced by free radicals. They are also effective scavengers
for galvinoxyl radicals. These facts suggest that endomor-
phins can react with the AAPH-derived radicals. In all assay
systems, the antioxidant effect of EM1 is significantly more
potent than that of EM2 and GSH, a major intracellular
water-soluble antioxidant. The difference of EM1 and EM2
is primarily Trp and Phe at position 3. Trp does not posses
phenolic hydrogens and only has indole ring, similar to
melatonin which has been reported able to protect against
lipid peroxidation induced by ROS and is potent both
hydroxyl and peroxyl radicals scavenger. Its antioxidant
mechanism is complex and not completely clear, and
probably involves abstracting hydrogen and electron trans-
fer reaction [42–44]. Therefore, it is suggested that the
active group of EM1 trapping free radicals might be phenol
hydrogen of Tyr and indole hydrogen of Trp and the latter
should be very important.
Although human body in general has evolved several
defense mechanisms to counteract oxidative stress, the
brain appears to be more susceptible to this damage than
other organs [18,45]. It is widely believed that one of the
most important events during pathogenesis of neurodegen-
erative diseases is depletion of GSH in the brain. Hence, it
is plausible to increase GSH levels. However, GSH cannot
easily penetrate the blood–brain barrier due to the presence
of the cysteine SH group and is not efficiently absorbed
into neuronal cells in the brain [46]. Therefore, novel
therapeutics based on blocking neuron damaging neuro-
inflammatory processes show great promise and the exis-
tence of antioxidants may be essential in brain protective
X. Lin et al. / Biochimica et Biophysica Acta 1639 (2003) 195–202 201systems. Recent studies have demonstrated that endogenous
opioid peptides are released from cells during inflammation
and stress, and reach high levels at these sites, where the
concentration of endomorphins may be close to that found
in our experiments [20,21]. We propose that an important
function of endomorphins is to scavenge radicals, and
inhibit lipid peroxidation, DNA and protein oxidative
damage, so they provide antioxidant defense in the brain
against oxidant- and free radical-induced damage. As a
consequence, the neuroprotective activities of endomor-
phins may provide new insights into therapeutics of neu-
rodegenerative diseases and a new understanding for
oxidant stress in the brain.Acknowledgements
We thank the National Natural Science Foundation of
China (no. 20072014), the Ministry of Science and
Technology, the Teaching and Research Award Program
for Outstanding Young Teachers, and Research Key
Program of Science and Technology in Higher Education
Institution of the Ministry of Education of China for
financial support. We are grateful to Dr. Yu-Jun Cai of
National Laboratory of Applied Organic Chemistry, Lanz-
hou University, for technical assistance.References
[1] J.E. Zadina, L. Hackler, L.-J. Ge, A.J. Kastin, A potent and selective
endogenous agonist for the A-opiate receptor, Nature 386 (1997)
499–502.
[2] G. Horvath, Endomorphin-1 and endomorphin-2: pharmacology of
the selective endogenous A-opioid receptor agonists, Pharmacol. Ther.
88 (2000) 437–463.
[3] R. Przewlocki, D. Labuz, J. Mika, B. Przewlocka, C. Tomboly, G.
Toth, Pain inhibition by endomorphins, Ann. N.Y. Acad. Sci. 897
(1999) 154–164.
[4] L.-F. Tseng, M. Narita, C. Suganuma, H. Mizoguchi, M. Ohsawa, H.
Nagase, J.P. Kampine, Differential antinociceptive effects of endo-
morphin-1 and endomorphin-2 in the mouse, J. Pharmacol. Exp. Ther.
292 (2000) 576–583.
[5] H.E. Wu, H. Mizoguchi, M. Terashvili, R.J. Leitermann, K.C. Hung,
J.M. Fujimoto, L.F. Tseng, Spinal pretreatment with antisense oligo-
deoxynucleotides against exon-1, -4, or -8 of mu-opioid receptor
clone leads to differential loss of spinal endomorphin-1- and endo-
morphin-2-induced antinociception in the mouse, J. Pharmacol. Exp.
Ther. 303 (2002) 867–873.
[6] M. Irnaten, S.A. Aicher, J. Wang, P. Venkatesan, C. Evans, S. Baxi, D.
Mendelowitz, A-Opioid receptors are located postsynaptically and
endomorphin-1 inhibits voltage-gated calcium currents in premotor
cardiac parasympathetic neurons in the rat nucleus ambiguous, Neuro-
science 116 (2003) 573–582.
[7] H. Mizoguchi, M. Narita, H. Wu, M. Narita, T. Suzuki, H. Nagase,
L.F. Tseng, Differential involvement of mu(1)-opioid receptors in
endomorphin-and beta-endorphin-induced G-protein activation in
the mouse pons/medulla, Neuroscience 100 (2000) 835–839.
[8] K. McConalogue, E.F. Grady, J. Minnis, B. Balestra, M. Tonini,
N.C. Brecha, N.C. Bunnett, C. Sternini, Activation and internaliza-
tion of the A-opioid receptor by the newly discovered endogenousagonists, endomorphin-1 and endomorphin-2, Neuroscience 90
(1999) 1051–1059.
[9] A. Fischer, B.J. Undem, Naloxone blocks endomorphin-1 but not
endomorphin-2 induced inhibition of tachykinergic contractions of
guinea-pig isolated bronchus, Br. J. Pharmacol. 127 (1999) 605–608.
[10] M. Ukai, T. Katoh, T. Mamiya, Endomorphin-1 improves scopol-
amine-induced impairment of short-term memory via mu1-opioid re-
ceptor in mice, NeuroReport 12 (2001) 3723–3727.
[11] D.S. Jessop, L.J. Richards, M.S. Harbuz, Opioid peptides endomor-
phin-1 and endomorphin-2 in the immune system in humans and in
a rodent model of inflammation, Ann. N.Y. Acad. Sci. 966 (2002)
456–463.
[12] J.S. Bland, Oxidants and antioxidants in clinical medicine: past,
present and future potential, J. Nutr. Environ. Med. 5 (1995)
255–280.
[13] B. Halliwll, J.M.C. Gutteridge, Free radicals in biology and medicine,
3rd ed. (1999) Oxford Science Publications, Clarendon Press, Oxford.
[14] C.K. Sen, L. Packer, Antioxidant and redox regulation of gene tran-
scription, FASEB J. 10 (1996) 709–720.
[15] A.R. Collins, Oxidative DNA damage, antioxidants, and cancer, Bio-
Essays 21 (1999) 238–246.
[16] M.F. Beal, Oxidatively modified proteins in aging and disease, Free
Radic. Biol. Med. 32 (2002) 797–803.
[17] R.A. Floyd, Antioxidants, oxidative stress, and degenerative neuro-
logical disorders, Proc. Soc. Exp. Biol. Med. 222 (1999) 236–245.
[18] R.A. Floyd, K. Hensley, Oxidative stress in brain aging—implications
for therapeutics of neurodegenerative diseases, Neurobiol. Aging 23
(2002) 795–807.
[19] J. Liu, A. Mori, Monoamine metabolism provides an antioxidant
defense in the brain against oxidant- and free radical-induced damage,
Arch. Biochem. Biophys. 302 (1993) 118–127.
[20] M. Fontana, L. Mosca, M.A. Rosei, Interaction of enkephalins with
oxyradicals, Biochem. Pharmacol. 61 (2001) 1253–1257.
[21] R. Coccia, C. Foppoli, C. Blarzino, C.D. Marco, M.A. Rosei, Inter-
action of enkephalin derivatives with reactive oxygen species, Bio-
chim. Biophys. Acta 1525 (2001) 43–49.
[22] L.-I. Tsao, B. Ladenheim, A.M. Andrews, C.C. Chiueh, J.L. Cadet,
T.P. Su, Delta opioid prptide [D-Ala2, D-Leu5] enkephalin blocks
the long-term loss of dopamine transporters induced by multiple
administrations of methamphetamine: involvement of opioid recep-
tors and reactive oxygen species, J. Pharmacol. Exp. Ther. 287
(1998) 322–331.
[23] Y.M. Qi, D.J. Yang, X. Duan, F. Yang, S.R. Li, J.M. Shen, R. Wang,
Endomorphins inhibit contractile responses of rat thoracic aorta rings
induced by phenylephrine and angiotensin II in vitro, Acta Pharmacol.
Sin. 23 (2002) 40–44.
[24] Y.J. Jung, Y.J. Surh, Oxidative DNA damage and cytotoxicity in-
duced by copper-stimulated redox cycling of salsolinol, a neurotoxic
tetrahydroisoquinoline alkaloid, Free Radic. Biol. Med. 30 (2001)
1407–1417.
[25] P. Doulias, A. Barbouti, G. Galaris, H. Ischiropoulos, SIN-1-induced
DNA damage in isolated human peripheral blood lymphocytes as
assessed by single cell gel electrophoresis (comet assay), Free Radic.
Biol. Med. 30 (2001) 679–685.
[26] N. Singh, M.T. McCoy, R.R. Tice, E.L. Schneider, A simple techni-
que for quantitation of low levels of DNA damage in individual cells,
Exp. Cell Res. 175 (1988) 184–191.
[27] P.J. McCarthy, S.F. Sweetman, P.G. McKenna, V.J. McKelvey-
Martin, Evaluation of manual and image analysis quantitation of
DNA damage in the alkaline comet assay, Mutagenesis 12 (1997)
209–214.
[28] H.Y. Kwon, S.Y. Choi, M.H. Won, T.C. Kang, J.H. Kang, Oxidative
modification and inactivation of Cu, Zn-superoxide dismutase by
2,2V-azobis(2-amidinopropane) dihydrochloride, Biochim. Biophys.
Acta 1543 (2000) 69–76.
[29] J. Tsuchiya, T. Yamada, E. Nike, Y. Kamiya, Interaction of galvinoxyl
radical with ascorbic acid, cysteine, and glutathione in homogeneous
X. Lin et al. / Biochimica et Biophysica Acta 1639 (2003) 195–202202solutions and in aqueous dispersions, Bull. Chem. Soc. Jpn. 58 (1985)
326–330.
[30] N. Gotoh, K. Shimizu, E. Komuro, J. Tsuchiya, N. Noguchi, E. Niki,
Antioxidant activities of probucol against lipid peroxidations, Bio-
chim. Biophys. Acta 1128 (1992) 147–154.
[31] K.B. Beckman, B.N. Ames, Oxidative decay of DNA, J. Biol. Chem.
272 (1997) 19633–19636.
[32] E.S. Henle, S. Linn, Formation, prevention, and repair of DNA
damage by iron/hydrogen peroxide, J. Biol. Chem. 272 (1997)
19295–19298.
[33] L.R.C. Barclay, Model biomembranes: quantitative studies of perox-
idation, antioxidant action, partitioning, and oxidative stress, Can.
J. Chem. 71 (1993) 1–16.
[34] Y.J. Cai, L.P. Ma, L.F. Hou, B. Zhou, L. Yang, Z.L. Liu, Antioxidant
effects of green tea polyphenols on free radical initiated peroxidation
of rat liver microsomes, Chem. Phys. Lipids 120 (2002) 109–117.
[35] K.A. Tallman, D.A. Pratt, N.A. Porter, Kinetic products of linoleate
peroxidation: rapid beta-fragmentation of nonconjugated peroxyls,
J. Am. Chem. Soc. 123 (2001) 11827–11828.
[36] A.R. Brash, Autoxidation of methyl linoleate: identification of the bis-
allylic 11-hydroperoxide, Lipids 35 (2000) 947–952.
[37] J.G. Fang, M. Lu, Z.H. Chen, H.H. Zhu, Y. Li, L. Yang, L.M. Wu,
L. Yang, Z.L. Liu, Antioxidant effects of resveratrol and its analogues
against free radical induced peroxidation of linoleic acid in micelles,
Eur. J. Chemother. 8 (2002) 4191–4198.[38] Y.J. Cai, J.G. Fang, L.P. Ma, L. Yang, Z.L. Liu, Inhibition of free
radical-induced peroxidation of rat liver microsomes by resveratrol
and its analogues, Biochim. Biophys. Acta 1637 (2003) 31–38.
[39] P. Zhang, S.T. Omaye, DNA strand breakage and oxygen tension:
effects of h–carotene, a-tocopherol and ascorbic acid, Food Chem.
Toxicol. 39 (2001) 239–246.
[40] H.M. Shen, C.N. Ong, Detection of oxidative DNA damage in human
sperm and its association with sperm function and male infertility,
Free Radic. Biol. Med. 28 (2000) 529–536.
[41] F. Kassie, W. Parzefall, S. Knasmu¨ller, Single cell gel electrophoresis
assay: a new technique for human biomonitoring studies, Mutat. Res.
463 (2000) 13–31.
[42] R.J. Reiter, Oxidative damage in the central nervous system: protec-
tion by melatonin, Prog. Neurobiol. 56 (1998) 359–384.
[43] M.A. Livrea, L. Tesoriere, D. D’Arpa, M. Morreale, Reaction of
melatonin with lipoperoxyl radicals in phospholipid bilayers, Free
Radic. Biol. Med. 23 (1997) 706–711.
[44] F. Antunes, L.R.C. Barclay, K.U. Ingold, M. King, J.Q. Norris, J.C.
Scalano, F. Xi, On the antioxidant activity of melatonin, Free Radic.
Biol. Med. 26 (1999) 117–128.
[45] A.P. Wickens, Ageing and the free radical theory, Respir. Physiol. 28
(2001) 379–391.
[46] S. Bharath, M. Hsu, D. Kaur, S. Rajagopalan, J.K. Andersen, Gluta-
thione, iron and Parkinson’s disease, Biochem. Pharmacol. 64 (2002)
1037–1048.
